The ultramafic massifs of the New Caledonian archipelago contain about 10% of the world's nickel reserves, which also contain significant but lower amounts of cobalt, chromium, and manganese. Natural erosion of these massifs and mining activities may contribute to the exposure of local populations to these metals through contamination of air, food, and water resources. We conducted a biomonitoring survey to evaluate exposure to these four metals and its main determinants by constructing a stratified sample of 732 adults and children (> 3 years old) from visitors to 22 health centers across the archipelago. Urine was collected and analyzed by inductively-coupled plasma mass spectrometry to determine metal concentrations. A face-to-face interview was conducted to document sociodemographic characteristics, lifestyle and dietary habits, and residencemine distance. Environmental samples (soil, house dust, water, and foodstuffs) were collected from two areas (one with and one without mining activity) to delineate determinants of exposure in more detail. Nickel and chromium were metals with the highest concentrations found in urine, especially in children, at levels exceeding reference values derived from representative national surveys elsewhere throughout the world (for children: 4.7 µg/g creatinine for nickel and 0.50 µg/g creatinine for chromium): 13% of children exceeded the reference value for nickel and 90% for chromium. Large variations were observed by region, age, and sex. In this geological setting, urinary and environmental nickel concentrations appear to be driven mainly by soil content. This is the first archipelago-wide survey of metal exposure in New Caledonia. The potential health consequences of this chronic high exposure need to be assessed.
Introduction
New Caledonia is a subtropical archipelago in the southwest Pacific Ocean.
Approximately one-third of the main island is covered by ultramafic formations in the form of a continuous nappe in the south and sparse klippes in the north. Ultramafic soils are characterized by low availability of nutrients (e.g., phosphorus, potassium and calcium) and high concentrations of metals including nickel (Ni), chromium (Cr), cobalt (Co), and manganese (Mn). The ultramafic massifs of New Caledonia are highly erodible, and this natural erosion is amplified by anthropic activities such as mining, bushfires, and invasive alien species (deer and feral pigs). This erosion is likely to contribute to transfer of these metals from soil to other environmental compartments (air, water, and vegetation) (1) . Populations living near ultramafic massifs or mining areas may therefore be exposed to Ni, Cr, Co, and Mn through inhalation or ingestion of dust, ingestion of contaminated water or food, and dermal contact (2) .
While some of these metals are micronutrients (3) , all of them may be toxic to humans at higher doses. Chronic exposure to heavy metals causes health effects due mainly to the deleterious effects of oxidative stress which results from the formation of free oxygen species (4) . Reports of adverse effects in humans from exposure to some forms of Ni, Cr, Co, and Mn come primarily from the workplace. Occupational exposure to Ni compounds has been reported to induce skin allergies, and lung and nasal cancer, especially among Ni refinery workers (5) . Occupational exposure to both Cr (VI) (6) and Co (7) has been associated with an increased risk of lung cancer. Occupational exposure to Mn can result in neurotoxic effects (8) . Possible health effects in the general population from chronic low-dose exposure to these metals have not been well characterized. They may range from sensitization or exacerbation of existing dermatitis among sensitive people (Ni, Cr) (7, 9) , to impaired fetal growth (Ni) (10) and neurodevelopmental effects in children (Ni, Mn) (10, 11) .
Because no data are available about the levels of exposure of the general New Caledonian population to these four metals, we conducted a study covering the entire archipelago to quantify urinary levels of Ni, Cr, Co, and Mn and identify their main determinants.
Methods

Study design and population
A biomonitoring study of the general population took place between February and July 2016 to evaluate exposure to the four metals of interest (Ni, Cr, Co, and Mn) across New Caledonia (phase 1). A pilot study (phase 2) conducted between October and December 2016 measured metal concentrations in environmental media and assessed their contribution to human exposure.
In phase 1, participants were recruited from 20 primary care health centers throughout the region and two hospital departments in Noumea, the main city of the archipelago (Gaston-Bourret (emergency department) and Magenta (pediatric consultation)) ( Figure   1 ). Sampling was stratified according to six geographical areas: northwest, northeast, southeast, southwest (outside of Noumea), Noumea, and the Loyalty Islands (considered a reference area because they lack ultramafic formations). The total number of planned participants was set at 800: 140 in each area (40 adult women, 40 adult men, and 60 children aged 3 to 17) except for the Loyalty Islands (30-30-40). This stratification involved oversampling the sparsely populated but potentially more exposed areas and was intended to obtain more accurate knowledge of metal exposure, including in remote areas. Eligible participants were children or adults who came for care to one of the participating health centers. No more than one member of an immediate family could participate. Exclusion criteria included living in New Caledonia for less than a year, having a metal prosthesis, orthopedic implant, or pacemaker, or receiving dialysis treatment. In all, 746 face-to-face interviews were conducted, and each participant provided a spot urine sample for the determination of metal concentrations. After we excluded participants with an incomplete questionnaire (n = 3) or missing data for metal (n = 11) or creatinine (n = 1) concentrations, the analysis reported here included 731 participants. were collected in houses. Soil dust samples were taken with a spatula where the child played most often, from the first 2cm of a surface delimited by an 8cm diameter ring.
Inside the house, dust settled on floor surfaces was collected with the wipe sampling method (ASTM E1728-03) (12) 
Questionnaires
In phase 1, both a general questionnaire and a food frequency questionnaire were administered. Two general questionnaires were developed, one for adults and one for children (3 to 17 years).
The general questionnaire gathered information about social, demographic, and personal characteristics (including sex, age, ethnic group, education, occupational status, weight, and height), lifestyle habits (e.g., tobacco consumption) and the source of water for cooking and drinking (tap, tank, spring, creek, well, or bottles). Additional questions concerned the child's daily life (e.g., school and outdoor games) and indoor environment (tobacco consumption in the residence, presence of earth-based materials). Geolocation of the residence was established to provide its distance to mining areas.
The food frequency questionnaire documented consumption of various food groups during the previous month. It was adapted from questionnaires previously used for epidemiological surveys in New Caledonia (13). Due to limited knowledge of foods likely to concentrate these metals, the questionnaire covered a large variety of vegetables, fruits, and fish and shellfish species, as well as meat and poultry (14) . The frequency of consumption (number of times per day, week or month) of the three main food items in each category was assessed, with their origin (fishing/gardening/raising animals, local market, store or supermarket). The total consumption frequency of the different food groups was derived by summing together the number of times per week each individual food item in that group was consumed. Categories of consumption (3 or more) were created for food groups with consumer's percentage superior to 50%. Otherwise, consumption was defined as either present ("yes") or absent ("no"). We defined local foods as those that came more than half the time from home food production or short distribution channels (the local market).
Analysis of urine samples
Urine samples (n = 731) were collected in 30 mL Nalgene bottles and stored at 4ºC until transportation to the Centre Hospitalier Territorial Gaston-Bourret in Noumea, where they were stored at -80ºC and sent for analysis to the Urinary creatinine concentrations were determined with the Jaffe reaction on the Indiko Plus multiparametric automatic analyzer (Thermo Scientific, Waltham, MA, USA). The method used has been described elsewhere (15).
Analysis of environmental samples
The metals concentrations in soil and dust were determined by ICP-MS at the LERES laboratory in Rennes, France. Soil samples (n = 33) were crushed and sieved to 250 μm, and mineralized with a mixture of nitric and hydrochloric acids in the microwave (ETHOS 1, Thermo Scientific) for total concentration of metals determination. The metal levels and their bioaccessible fraction were determined in house dust (n = 47) (collected with wipes). The bioaccessible fraction of metals in dust, defined as the fraction that is extracted in the human gastrointestinal tract, determines the bioavaibility, that is the amount available for absorption (16) . For metals analyzed in household dust, a sequential digestion method was used to determine both bioaccessible fraction and total element concentrations on the same sample with a two-step digestion stage in graphite blocks (Digiprep System, SCP Science, France). To extract the bioaccessible part of metals in dust wipe samples, hydrochloric acid (V=40ml, 1.4%) was added to obtain pH=2 (as in the gastrointestinal tract). In the digestion step, concentration of hydrochloric acid, temperature (37°C) and time of digestion (1h) are the main parameters that control the bioaccessible fraction of metals in dust. Sample fractions were analyzed with inductively coupled plasma mass spectrometry (ICP-MS). Adding together the two fractions provides calculation of the total element concentrations. (17) . The calibration series were performed with the acids used for the two digestion procedures. Calibration curves were drawn from 5 points with an internal standard (iridium). Blanks were determined by completion of the full analytical procedure without samples. Some samples had to be diluted since they were out of the range of the calibration series (1-50 μg L-1 Congo. This intake was compared to the toxicity reference value (TRV) recently suggested by Haber et al. (20) for Ni in children: 20 μg/kg body weight per day for toddlers, derived from body weight changes observed among young rats exposed to Ni through drinking water.
Statistical analysis
Urinary metal concentrations were adjusted for (divided by) urinary creatinine levels (µg/L) and are presented as µg/g creatinine. All concentration variables were logtransformed due to their log-normal distribution.
Weight and height were self-reported by participants. Body mass index (BMI) was calculated by dividing weight in kilograms by the square of the height in meters. The
World Health Organization (WHO) classification was used to define weight status.
Overweight in adults was thus defined as a BMI ≥ 25 kg/m 2 and obesity as a BMI ≥ 30 kg/m 2 (21); we used age-and sex-specific cut-offs for children. A BMI more than 2 standard deviations (SD) below the WHO growth standard median was considered as underweight. Among children younger than 5 years of age, overweight was defined as a BMI > 2 SD and obesity as a BMI > 3 SD above this growth standard median; among children aged 5 and over, these cut-offs were > 1 SD and > 2 SD (22, 23) .
Analyses were conducted on the entire study population (n = 731) and separately for adults (defined as ≥ 14 years, n = 490) and children (< 14 years, n = 241) because risk Urinary concentrations measured in our sample were also compared with reference values derived from national surveys elsewhere in the world.
In the study of environmental sources of exposure (phase 2), medians of urinary and environmental Ni concentrations are described according to the study site because of the small number of samples collected (103 urine, 33 soil, 47 dust, 17 foodstuffs).
Statistical analyses were performed with SAS version 9.4 (SAS Institute, Cary NC, USA). Table 1 Of the 731 participants, 458 were adults and 273 were children ( Table 2) ; their overall mean age was 28.3 years old (range: 3-84), 52.6% were male and 47.4% female. The most frequently represented communities were the Kanaks (the indigenous population of New Caledonia), Europeans, and metis (mixed race). Sex was a factor of variation for urinary concentrations of Co and Mn: levels were significantly higher in women. For all four metals of interest, urinary concentrations were highest among children and adolescents; for Ni and Cr, they were also high in the oldest age groups, with a U-shaped relation. The 18-39-year age group had the lowest urinary concentrations for all four metals. Participants belonging to the Kanak community had higher urinary Cr and Co concentrations than members of other groups. Urinary concentrations of the four metals varied significantly by location (geographic area and recruitment center -data not shown). For Ni, Co, and Mn, the highest concentrations were observed in the southeast area, while the highest concentrations of Cr appeared in the Loyalty Islands. The lowest urinary concentrations of Cr, Co, and Mn were observed in Noumea (the capital of New Caledonia). Results were similar for these geographical data when these factors were analyzed separately for adults (≥ 14 years) and children (< 14 years) (data not shown).
Results
Concentrations of Co and Mn were higher among females than males, only among adults for Co and only among children for Mn. Urinary Ni concentrations among adults were significantly higher among women than men. With 39% of adults and 33% of children classified as overweight, urinary concentrations tended to vary according to weight status and to be lower among overweight than normal-weight children, but none of these differences reached statistical significance, except for lower urinary Mn concentrations among overweight compared to normal-weight adults.
Results for personal characteristics, lifestyle habits, and food consumption are presented
in Tables 3 and S7 (0.8%), ethnic group (0.6%), and dental amalgams (0.4%) were the significant risk factors associated with Co concentrations among adults, and for Mn, geographical area (6%), alcohol consumption (6%), and creatinine (5%).
Among children, 45% of the variance of Ni concentrations was explained by creatinine, 15% by geographical area, 3% by age, and 1% by fresh fruit juice consumption.
Creatinine (24%), geographical area (15%), and freshwater fish consumption (0.8%)
were the significant factors of variation associated with Cr levels. For Co, 44% of the variance was explained by creatinine, 4% by geographical area, 2% by freshwater fish consumption, and 1% by ethnic group. Geographical area (7%), sex (4%), consumption of fresh fruit and local milk (4%), ethnic group (2%), and creatinine (0.6%) were included in the Mn model for children.
We used the 95 th percentile values derived from national surveys elsewhere in the world (25) (26) (27) as reference values to compare with the levels measured among our study population: for adults, the reference value for Ni was 4.0 µg/g creatinine, for Cr 0.50 µg/g creatinine, for Co 0.7 µg/g creatinine for men and 2.0 µg/g creatinine for women, and for Mn (0.61 µg/g creatinine. For children, the reference value for Ni was 4.7 µg/g creatinine, for Cr 0.50 µg/g creatinine, for Co 1.1 µg/g creatinine, and for Mn 0.67 µg/g creatinine. Weighted percentages of participants with values exceeding these reference values for New Caledonia as a whole were 9.9% (8.8% of adults and 13.4% of children)
for Ni, 57.4% (46.6% of adults and 89.6% of children) for Cr, 6.4% (3.6% of adults and 14.9% of children) for Co, and 4.6% (3.1% of adults and 9.1% of children) for Mn. In a preliminary risk assessment, we constructed a scenario of oral Ni intake for children living in Île des Pins and compared the calculated dose with a toxicological reference value (TRV) ( Table 6 
Discussion
Urinary concentrations of the metals we studied were high in New Caledonia compared to international reference values (25) (26) (27) , particularly for Cr and Ni, and they varied substantially according to geographical area, age, sex, and a few other risk factors. In children in particular, these concentrations often exceeded international reference values derived from populations not subject to specific sources of exposure to these metals. This was especially true in the northeast area for Cr and the southeast area for Ni, Co, and Mn. We also noted that urinary levels of Ni and Co among women and of Mn among girls were higher than among males. Results from national surveys elsewhere in the world have also reported higher levels among women (26, 29).
In our study, higher urinary Ni levels were associated with consumption of pulses (adults) and fresh fruit juice (children). Ni-rich food items reported elsewhere include fruits and vegetables, nuts, fish, and seafood (25, 30, 31, 33, 34) . Although vegetables, nuts, fish and shellfish have been cited as food sources of Cr (25, 30, 31, 34) elsewhere in the world, we found higher urinary Cr concentrations in children were associated only with freshwater fish consumption. The literature cites dairy products as well as fruits and vegetables as sources of Co exposure (25) . In our sample, consumption of cooked root vegetables was associated with higher Co levels in adults and consumption of fresh fruits was associated with higher Mn concentrations in children. Potential sources of exposure to Mn reported in the literature are grain and dairy products and water (26). It is likely that we have not identified all the food items that may contribute to increased urinary concentrations, because their contribution may be specific to areas of New Caledonia; our population size was not sufficient to take this interaction between dietary intake and geographical area into account. The contribution of foodstuffs to exposure to metals depends on their ability to accumulate metals, the quality of the soil/water, and their consumption by local populations.
Concentrations of Cr and Ni, and to a lesser degree, Co and Mn in urine frequently exceeded the reference values derived from national surveys in Europe and Canada.
Where 5% of children are expected to have urinary levels of Cr above 0.50µg/g creatinine elsewhere in the world, almost 90% of the children in New Caledonia presented levels above this threshold, as did 47% of the adults. The corresponding figures for Ni were 13% of the children and 9% of the adults for the entire archipelago, but these percentages were much higher in some areas. Nonetheless, the potential health risks resulting from this high exposure to a mixture of metals are hard to assess because their effects may be additive, synergistic or antagonistic. As mentioned earlier, health risks resulting from exposure to these metals have been characterized mostly when exposure occurred through inhalation of specific chemical forms in the workplace, and the urinary levels observed in New Caledonia are far below threshold limit values for occupational exposure.
The scenario of Ni exposure at Île des Pins for a 5-year old child showed that dust ingestion from soil rich in Ni may be an important source of exposure among children, in addition to the food and water more traditionally identified as sources of Ni in the general population. Our estimate of daily absorbed dose (3.6 µg/kg of body weight per day) is lower than the absorbed dose TRV (6 µg/kg of body weight per day) for toddlers proposed by Haber (20) . This calculation, however, is based on an average scenario and on parsimonious environmental data, and must be refined as more data come in. It does not exclude the possibility that some young children may be exceeding the TRV. More comprehensive surveys of this kind and better knowledge of the chemical forms and levels of these metals in environmental media (water, food, and dust) leading to human exposure are now necessary to guide health risk assessment.
Our study has some limitations. Participants were recruited among people consulting professionals at primary care health centers across New Caledonia, although only patients 
